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. Furthermore, relevant studies report that nutritive properties of DAG do not 81 change during the test period of deep-frying (Shimizu et al, 2013) . In spite the functional and 82 healthy properties of MLCD, to our knowledge, the preparation of MLCD remains unexplored. In 83 this work, we aimed to investigate the preparation of the high-purity MCD-and MLCD-rich DAG, 84 through the application of Novozyme 435 and the development of a facile purification approach. 85
Generally, purification methods of DAG include molecular distillation (MD) MLCD-rich DAG in our study, one-step MD is inadequate because of low separation ratio, and it 89 also results in the increase of TAG under higher temperature. Column chromatography suffers from 90 complicated operation and long purification time (Yang et al, 2012) . As for supercritical CO 2 91 extraction, it is still associated with high cost, long extraction time, relatively low extraction yield 92 and high operation pressure. Meanwhile, CO 2 is suspected of damaging the composition of products 93 (Yang et al, 2012) . In contrast, solvent fraction is featured with short separation time, simple 94 operation, ease of forming high separation ratio and good product purity (Akamatsu taku et al, 95
1994). The mechanism is that under low temperature, oils dissolve in the solvent while fats form 96 stable crystals because of their high melting point and poor solubility, allowing for the separation of 97 oils and fats. A mixture of chloroform-methanol-water mixture is frequently applied due to high 98 extraction efficiency (Zbinden et al, 2013) . Therefore, the present study also investigated the 99 possibility of using solvent fractionation to purify the DAG containing MCD and MLCD. 100
Owing to enzyme's significant advantages such as mild reaction conditions, higher catalytic 101 efficiency, and high regioselectivity, the application of lipases in producing DAG has become 102 increasingly popular (Liu et al, 2016; Phuah et al, 2012) . On the basis of previous research results,M A N U S C R I P T
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were investigated, respectively. The crude esterification products were then subjected to a facile and 107 efficient purification process. Molecular distillation, low temperature solvent fraction and high-108 speed centrifugation were applied successively, affording the MCD-and MLCD-rich DAG. 109
Conditions of different water content, centrifugation temperature and glycerides/methanol (v/v) 110 were screened to improve the purification. It is expected that the MCD-and MLCD-rich DAG will 111 be used as a basis for the subsequent development of low saturated fats, based on DAG-SLNs (solid 112 lipid nanoparticles) Pickering emulsions, a novel nutritional, healthy and high quality lipid food 113 system. 114 115
Materials and methods 116

Materials 117
High-purity MAG (53% palmitic acid MAG and 42% stearic acid MAG) was provided by 118
Meichen Group Co., Ltd. (Guangzhou, China), Novozyme 435 (immobilized Candida antarctica 119 lipase B) was supplied by Novozymes (Copenhagen, Denmark). Methanol (≥ 99.5%), ethanol (≥ 120 99.5%) and caprylic acid (99%) were purchased from Tianjin Chemical Reagent Co., Ltd (Tianjin, 121 China). Deionized water was used and all other reagents were of analytical grade. 122
Production of products containing MCD and MLCD by enzymatic esterification 123
High-purity MAG (≥ 95%) was weighed in a 250 mL round bottom flask and heated in an oil 124 bath at 85 with a magnetic stirrer at 200 rpm on until MAG completely melted. Then a certain 125 amount of caprylic acid (MAG/caprylic acid mole ratio from 1:1 to 1:5) and Novozyme 435 (from 126 2.5 wt.% to 9.0 wt.%) were added to the flask. Esterification reaction was stirred at 200 rpm under a 127 vacuum condition (0.1 MPa). After reaction, the crude products composed of free fatty acid (FFA), 128 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT parameters as follows: distillation temperature of 160 , pressure of 3.6 Pa and wiped film speed of 133 200 rpm. The MD residue was then further purified using a solvent fraction method. A mixture of 134 methanol (135 mL) and ethanol (15 mL) was added to 50 mL crude products in a 500 mL beaker, 135 which was then placed in a constant temperature tank (15 ) stirring at 80 rpm for 30 min. Solid fat 136 was removed by filtration after crystallization and the filtrate was concentrated under vacuum at 137 65 for 30 min to give the liquid oil. Next, the liquid oil was mixed with methanol in a certain 138 proportion (volume ratio from 1:1 to 1:9) and the mixture was added into a 2 mL centrifuge tube 139
followed by the addition of water (0-17 wt.%). Subsequently, the products containing MCD and 140 
Effect of enzymatic reaction conditions 171
Effect of MAG/caprylic acid mole ratio 172
The effects of different substrate (MAG/caprylic acid) mole ratio on the esterification were 173 investigated under the conditions of reaction temperature 65 , enzyme load 5 wt.%, and reaction 174 time 30 min. The results are shown in Fig. 2 
(A1). 175
With the decrease of substrate (MAG/caprylic acid) mole ratio from 1:1 to 1:3, the DAG 176 content increased significantly and reached its highest value of 44.8±0.1%. Nonetheless, if the mole 177 ratio was below 1:3, the DAG content began to decrease significantly. Meanwhile, the contents of 178 both MAG and TAG decreased reversely with substrate mole ratio. In addition, the significant 179 increasing trend of the contents of FFA was recorded. The result shows that, along with the 180 decreasing substrate mole ratio, the esterification would be promoted to shift reaction equilibrium to 181 yield more DAG. But the increase of caprylic acid increases the viscosity of substrate which mayM A N U S C R I P T
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increased viscosity of reaction system might reduce mass transfer efficiency so as to inhibit the 184 reaction (Arpi, Lubis, & Supardan, 2016). Therefore, taking both the costs and the DAG content 185 into consideration, the mole ratio of 1:3 was selected for further reaction. 186
Effect of reaction temperature 187
The effects of different reaction temperature on the esterification were investigated under the 188 Opposite to TAG, MAG content underwent a decreasing trend and increased significantly over 75 . 193 This could be ascribed to that higher temperatures favor the production of TAG, resulting in the 194 consumption of DAG and MAG (Mu et al., 1998). In addition, along with the increase of reaction 195 temperature, to a certain extent, the thermal stability of the lipase would be affected which in turn 196 will limit the enzyme application to a certain extent (Wang et al., 2016) . Therefore, temperature of 197 65 was selected in this work. 
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insignificantly changed after that. Therefore, to ensure the higher yield DAG as well as the followed 209 better purification, the reaction time was selected as 30 min. 210
Effect of enzyme load 211
The effects of different enzyme load on the esterification were investigated under the 212 conditions of substrate (MAG/caprylic acid) mole ratio 1:3, reaction time 30 min, and reaction 213 temperature 65 . The results are displayed in Fig. 2 (A4) . Noticeably, a watershed at the 5 wt.% 214 enzyme load could be found. 215
The content of DAG increased significantly with enzyme load under 5 wt.% and maximized 216 (44.5±0.2%) at 5 wt.%, whereas the DAG content decreased significantly with enzyme load over 5 217 wt.%. The TAG content showed a similar tendency. Clearly, the contents of FFA and MAG 218 presented trends exactly opposite to that of DAG. This phenomenon might be attributed to the 219 increasing number of active sites the more lipase provided, resulting in improved catalytic 220 efficiency. Thereby, more products, DAG, were formed and more substrates, FFA and MAG, were 221 consumed (Wang et al., 2011) . The decreasing content with enzyme load over 5 wt.% might come 222 from the hydrolysis of DAG, and the hydrolysis products were FFA and MAG. Therefore, based on 223 the operability and economy, enzyme load 5 wt.% (substrates mass) was selected in this study. 224
Purification of esterification products by centrifugation 225
Effect of water content 226
Lipid crystallization as a purification approach is frequently applied in industrial production. In 227 an aqueous environment, most lipids self-assemble into different crystalline, liquid crystalline or 228 sometimes macroscopically disordered phases, whereas in a dehydrated state most lipids form well-229 ordered crystals (Jiménez, Fabra, & Talens, 2013). Young et al. (2010) reported that methanol as a 230 co-solvent was capable of extracting lipids from biomass sources and they also used centrifugation 231 to separate the solution and the solid lipid layer. In our study, the crude product of liquid oils and 232 solid fats was further purified by further methanol crystallization followed by centrifugationM A N U S C R I P T the DAG yield and the purification of DAG (containing MCD and MLCD) are depicted in Fig. 3  238 (A1). 239
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As described in Fig. 3 (A1) , with the increasing of water content under 9 wt.%, DAG content 240 increased significantly to the highest value of 85.6±0.2% while the content of TAG and DAG yield 241 declined significantly to 14.4±0.2% and 33.0±1.7%, respectively. Meanwhile, the contents of MCD 242 and MLCD were 38.6±0.1% and 47.0±0.1%, respectively. MLCD accounted for 55% of the total 243 content of DAG. After the water content increased to 13 wt.%, the total DAG content was 244 65.8±0.4% with 36.0±0.2% MLCD and 29.8±0.1% MCD. It is obvious that higher water content 245 did not favor the separation of solid fats and liquid oils as well as the purification of DAG products 246 (including MCD and MLCD). This might be because when the water content was above a critical 247 value, the mixture became rubbery, which rendered unfavorable molecular mobility rate. Thus, the 248 FFA would not crystalize in a well-ordered form (Jiménez, Fabra, & Talens, 2013). In summary, 249 water content had a significant effect on purifying DAG and water content of 9 wt.% was selected 250 in this work. 251 
Effect of temperature
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The effects of different centrifugation temperature on the DAG yield and the purification of 259 DAG were investigated under the conditions of water content 9 wt.%, glycerides:methanol 1:3 (v/v), 260 centrifugation time 5 min, and rotating speed 11100 × g. The results are shown in Fig. 3 (A2) . 261
The DAG content and DAG yield reached 85.3±0.6% and 39.3±0.8%, respectively when 262 centrifugation temperature was 0 , whereas the contents of MCD and MLCD were 41.8±0.4% and 263 43.5±0.6%, respectively, and MLCD accounted for 51% of the total DAG content (Fig. 3 (A2) ). 264
With the increasing centrifugation temperature, the contents of DAG changed insignificantly 265 whereas the content of MCD and MLCD changed significantly. This indicates that although 266 centrifugation temperature has little effects on the content of DAG, low temperature contributes to 267
MLCD purification. López-Martínez et al. (2004) mentioned that partially crystallized materials 268
were removed from edible oils by filtration to avoid the clouding of liquid oils at refrigeration 269 temperature, and liquid oil can be obtained after filtering the mixture. As the result, the 270 centrifugation temperature 0 was selected in the next work. 271
Effect of ratio of glycerides/methanol 272
The effects of different ratio of glycerides/methanol (v/v) for DAG yield and purifying DAG 273 (containing MCD and MLCD) were investigated under the conditions of water content 9 wt.%, 274 centrifugation temperature 0 , centrifugation time 5 min, and rotating speed 11100 × g. The 275 results are shown in Fig. 3 (A3) . 276
The content of DAG was 86.6±0.6% with 31.6±0.6% DAG yield when the ratio of 277 glycerides/methanol was 1:3 (v/v). The contents of MCD and MLCD were 39.3±1.3% and 278 47.3±0.6%, respectively, and MLCD accounted for 54.6% of the total DAG. With the increasing 279 glycerides/methanol ratio, the content of MLCD increased significantly but the MCD content 280 decreased significantly to 30.8±0.1%. When the ratio of glycerides/methanol was below 1:3, the 281 content of DAG was decreased insignificantly but the DAG yield was increased significantly as the 282 content of methanol increased (Fig. 3 (A3) ). This might show that, under the ratio ofM A N U S C R I P T
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FFA. The lower glycerides/methanol ratio did not favor crystal growth, thereby decreased the solid 285 fats in the liquid oils (López-Martínez, Campra-Madrid, & Guil-Guerrero, 2004). Thus, the 286 glycerides/methanol ratio of 1:3 (v/v) was selected in this work. 287
Analysis of products by GC 288
According to the method of 2.4, GC spectra of the crude products and high purity DAG 289 (containing MCD and MLCD) are shown in Fig. 4 (A1) . 290
According to Fig. 4 (A1) , besides MCD and MLCD, there were also impurities including FFA, 291 MAG and trace TAG in the crude products. DAG achieved 44.8±0.1% and MLCD accounted for 292 47.3% of the total DAG (Table 1) . Fig. 4 (A2) demonstrates that after purification, the purity DAG 293 reached 86.6±0.6%, which contained 39.3±1.3% MCD and 47.3±0.6% MLCD (Table 1) , and 294 MLCD accounted for 54.6% of the total DAG. Through the comparison of crude product and high-295 purity DAG, it is obvious that the content of DAG had a significant improvement from 44.8±0.1% 296 to 86.6±0.6% with the combination of MD, constant stirring at 15 and high-speed centrifugation 297 at 0 . Particularly, the content of MLCD more than doubles from 21.5±0.3% to 47.3±0.6%, which 298 also had a significant improvement. The above results indicate that MCD-and MLCD-rich DAG of 299 high purity was achieved and evidenced the high efficiency of the purification approach 300 investigated. 301
Determination of MCD and MLCDs by LRMS and HRMS 302
ESI-MS was used for the identification of the products and the result of LRMS is shown in Fig.  303 4 (B) and the analysis is listed in with theoretical calculation of their molecular weights (Fig. 4 (B) and Table 2 ). The above results Tables   Table 1 
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ACCEPTED MANUSCRIPT recorded as follows: [M+Na] + at m/z 367.2450 (MCD, C 19 H 36 O 5 Na, calculated for 344.2460), 311
